Introduction
Mechanoluminescence (ML) is a phenomenon that light emission occurs from some special materials when they are under mechanical treatment such as deformation, fracture, friction and pressure, etc. ML has been investigated to develop a new sensor detecting dynamic and full surface stress distribution of materials [1] [2] [3] . ML of rock has also been investigated to elucidate the relation between earthquake and light emission as precursor [4] [5] [6] .
As for alkali halide crystals, it is well known that luminescence occurs during plastic deformation of X-irradiated ones [7, 8] . It has been reported that ML intensity is proportional to the F-center concentration of the crystal after X-or  -irradiation, while its spectrum corresponds to that of thermoluminescence. It is then believed that ML is attributed to the recombination of the electrons released from F-centers with hole centers [9] .
Recently, at fracture under three point bending, fractoluminescence (FL) of X-irradiated KCl:Ca 2+ single crystals are proportional to the third power of fracture load. It is suggested that FL must depend on the number of intersections of moving dislocations with forest dislocations [10, 11] . On the other hand, sonoluminescence (SL) has been observed in X-irradiated KCl crystals. It has been reported that there is critical strain amplitude above which the luminescence becomes notable and the internal friction indicates an abrupt increase [12] . The unpinning process of dislocations has been considered to cause the phenomenon and the process annihilates defects that have pinned the dislocation. Further, it has been also reported that the ratio between SL during plastic deformation and deformation luminescence (DL) is proportional to stress decrement due to oscillation irrespectively of strain [13] . Dislocation motion is considered to cause DL. Then, it gives us a useful method to investigate deformation mechanism of materials. We carried out bending test of X-irradiated KCl single crystals doped with europium. The europium is known as a fluorescent material and is expected to cause strong luminescence. It allows us to observe light emission pattern from a sample by using a CCD camera. The aim of this work is to present DL pattern of X-irradiated KCl:Eu 2+ single crystals and to investigate dislocation motion during bending tests.
Experimental procedure
Samples were cleaved out of an ingot of KCl single crystals doped with Eu 2+ (0.01, 0.02, 0.03mol% in melt) which were grown from the melt of reagent powder by Bridgeman method, followed by annealing at 1030 K for 6 h and cooling at 40 K/h to room temperature. The size of samples is 1x4x12 mm 3 . Samples were held at 623K for 30 minutes and then were quenched to disperse europium in a sample. All the samples were exposed to X-ray from a W-target being operated at 40 kV and 30 mA in the direction of a fulcrum axis. Absorbed dose rate at the sample position was about 2.6kGyh -1 . Exposure time was 30 min except for measurement of absorption spectra. Luminescence is observed using a CCD camera and the data are computerized. Figure 1 shows the schematic for the apparatus. Three or four point bending tests were carried out at the cross-head speed of 20 m min -1 using an Instron 4465 testing machine. Luminescence patterns on the surface perpendicular to the fulcrum axis were observed during the bending tests by using a CCD camera (Hamamatsu PMA-100). Images of the luminescence patterns and load signals were computerized. Birefringence image of bending tests was also computerized. All experiments were carried out at room temperature. Figure 2 shows the absorption spectra of X-irradiated KCl:Eu 2+ for various exposure time. The spectra have three peaks. The peak of 580nm is due to the F-center and the others (243 and 343nm) are due to Eu 2+ . The height of the peak due to the F-center increases with increasing exposure time but that due to Eu 2+ seems to decrease taking account of base absorption line. The F-center concentration is 1.11, 1.70 and 2.76x10 -17 cm -3 using Smakura's formula [14] and the Eu 2+ concentration is 31, 76 and 273 ppm according to Hernandez et al. [15] for that of 0.01, 0.02 and 0.03 mol% in melt, respectively, for 30 min exposure. Figure 3 shows the deformation luminescence spectrum of KCl:Eu 2+ (0.01mol%). The luminescence peak of 420nm is the same peak as that obtained by optically stimulated luminescence measurements of KCl:Eu 2+ [16] . It should be noticed that the absorption band at 580nm of F-centers increases and that at 243 and 343nm of Eu 2+ decreases when exposure time increases, as shown in figure 2 . Then, it is likely that part of the free electrons and holes created by X-irradiation are trapped at anion vacancies to produce the F-centers and at Eu 2+ to produce Eu 3+ ions, respectively. 
Results

Absorption and luminescence spectra
Three point bending test
In the beginning stage of deformation, weak flash occurs from point to point near the upper (concave) or lower (convex) surfaces of a sample before yield. At yield point, luminescence happens to run along the {110} slip plane near the central fulcrum contact point of a specimen and on the opposite side, as shown in figure 4 . These phenomena mean that dislocations begin to move and nucleate at the point where stress is mostly concentrated, and then the area where dislocations move and multiply expands. Several luminescence lines run along slip bands tilted by 45 degrees toward neutral axis from the upper or lower surfaces of a sample. Then, many luminescence lines intersect each other. Strong flash sometimes occurs both in the tension area as well as in the compression one. As deformation proceeds the luminescence lines are confused and right triangle -like luminescence pattern appears symmetrically on both sides of the central fulcrum in the compression area as well as in the tension one, as shown in figure 5 . The triangle-like luminescence patterns are observed for three kinds of sample but the cause of the patterns is not clear. Figure 6 shows birefringence images for three kinds of sample. These images representing stress distribution correspond to the luminescence patterns of figure 5 and there appears stress concentration in both sides of the central fulcrum. Very strong flash takes place in the triangle-like area just before fracture and there then occurs fracture, as shown in figure 7 . The flash is seen away from the fulcrum so that crack does not occur at the fulcrum contact point but occurs away from it at fracture. This is because that in the triangle-like area dislocations accumulate and stress concentration occurs. And then crack generates. This is clearly shown in figure  8 representing the distribution of luminescence intensity along the long axis during deformation and at fracture. The broken line is the position of the fulcrum.
Four point bending
In four point bending tests stress along the long axis of a sample is expected to be uniform between two inner fulcrums. Figure 9 shows luminescence pattern, birefringence image during deformation and flash at fracture for four point bending tests of KCl:Eu 2+ (0.01mol%). Although luminescence begins near the fulcrums in the initial stage of deformation it spreads over the area between the two inner fulcrums as deformation proceeds. Then, luminescence pattern and birefringence image due to four point bending is almost uniform between the two inner fulcrums. At fracture strong flash occurs in the area between the two inner fulcrums where we cannot predict but stress should concentrate.
Discussion
Deformation luminescence reflects dislocation motion. Figure 10 shows the altitudinal distribution of DL intensity for the three point and four point bending tests. Compression as well as tension region has a peak near the surface. The distribution of intensity is expected to depend on that of dislocation density shown in figure 11 . The distribution of dislocation density N d has no peak, though there is a plateau region near the surface of a sample for three point bending test. It is reported that DL intensity depends on the intersections of dislocations [11, 13] . When dislocations move at the given average velocity the number that the dislocations intersect the slip plane, which is normal to the direction of dislocation motion and includes the given number of dislocations, for unit time is proportional to P  N d N i . N i is the number of intersection points of slip lines for unit area normal to the bending axis. The variation of P with distance is shown in figure 12 . The distribution of P corresponds to that of DL intensity. Thus, DL pattern gives us useful information about dislocation motion since deformation luminescence depends on the density and intersection of dislocations. Strain has to increase with distance from the neutral plane to produce bending. The distribution of dislocation density has the plateau regions for three point bending in contrast to that for four point one, as shown in figures 11. This is because the luminescence pattern for three point bending is trianglelike and the total number of dislocations increases with the distance from the neutral plane.
Conclusion
Luminescence pattern of KCl:Eu 2+ single crystals has been observed during bending tests. Luminescence occurs on both the fulcrum contact and opposite sides of a crystal at the beginning of plastic deformation. Several luminescence lines run along slip bands tilted by 45 degrees toward neutral axis from the outside. Flash sometimes occurs both in the tension area and in the compression one. As deformation proceeds the luminescence lines are confused and right triangle-like luminescence pattern appears symmetrically on both sides of a central fulcrum in the compression area as well as in the tension one for three point bending. Strong flash has taken place in the triangle-like area just at fracture. But homogeneous luminescence between two inner fulcrums has been observed for four point bending tests.
DL intensity depends on the dislocation density as well as the number of intersections of slip lines. The intensity is proportional to the number of intersections of dislocations per unit time. 
